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Abstract

Rationale: Pseudomonas aeruginosa, the predominant cause of
chronic airway infections of patients with cystic fibrosis, exhibits
extensive phenotypic diversity among isolates within and between
sputum samples, but little is known about the underlying genetic
diversity.

Objectives: To characterize the population genetic structure of
transmissible P. aeruginosa Liverpool Epidemic Strain in chronic
infections of nine patients with cystic fibrosis, and infer evolutionary
processes associated with adaptation to the cystic fibrosis lung.

Methods:We performed whole-genome sequencing of
P. aeruginosa isolates and pooled populations and used comparative
analyses of genome sequences including phylogenetic
reconstructions and resolution of population structure from
genome-wide allele frequencies.

Measurements and Main Results: Genome sequences were
obtained for 360 isolates from nine patients. Phylogenetic
reconstruction of the ancestry of 40 individually sequenced isolates

from one patient sputum sample revealed the coexistence of two
genetically diverged, recombining lineages exchanging potentially
adaptive mutations. Analysis of population samples for eight
additional patients indicated coexisting lineages in six cases.
Reconstruction of the ancestry of individually sequenced isolates
from all patients indicated smaller genetic distances between than
within patients in most cases.

Conclusions: Our population-level analysis demonstrates that
coexistence of distinct lineages of P. aeruginosa Liverpool Epidemic
Strain within individuals is common. In several cases, coexisting
lineages may have been present in the infecting inoculum or
assembled through multiple transmissions. Divergent lineages can
share mutations via homologous recombination, potentially aiding
adaptation to the airway during chronic infection. The genetic
diversity of this transmissible strain within infections, revealed by
high-resolution genomics, has implications for patient segregation
and therapeutic strategies.

Keywords: bacteria; population genetics; genomics; homologous
recombination

Pseudomonas aeruginosa is the most
common cause of airway infection in cystic
fibrosis (CF) (1) and once established in the
chronic stage is notoriously resistant to
clearance by chemotherapy (2). Chronic-

stage infections exhibit both adaptation and
diversification. The genetic mechanisms
underlying some chronic-stage adaptations,
such as the switch to mucoid phenotype,
have been well established for many years

(3). Other common adaptations include
mutations in the gene encoding the
key quorum sensing regulator LasR (4),
loss of motility (5), auxotrophy (6),
hypermutability (7), and increasing
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resistance to antibiotics (8). It has been
shown that evolutionary adaptation can
occur rapidly in the airways of patients
with CF (9, 10). Although most patients
acquire their infecting P. aeruginosa from
environmental sources with subsequent

adaptation to the CF airway (11), there
have been a number of transmissible strains
identified (12). Notable among these is the
Liverpool Epidemic Strain (LES), which
is the most abundant clone of P. aeruginosa
isolated from patients with CF in the
United Kingdom (13, 14), and has been
reported in North America (15, 16).

The genetic basis of diversification
in chronic infections remains poorly
understood. Whereas a number of studies
have reported on the genetic adaptation
of P. aeruginosa during CF lung infections
by targeting specific genes (7) or whole
genomes for sequencing (17, 18), these
studies have generally been optimized
to capture genetic changes over time.
At the expense of sampling depth within
individuals, these studies sampled
sequential isolates from individual patients
with CF or single isolates from many
different patients with CF. Consequently,
it is essential that investigations of
population-scale genetic diversity of
P. aeruginosa be extended to consider
diversity both within and between multiple
chronically infected patients with CF.
Evidence from phenotypic studies suggests
widespread heterogeneity (19–22), and
genome sequencing of paired P. aeruginosa
isolates from three individuals revealed
genetic diversity (23). A recent study
implicated spatial separation within the CF
lung as causing diversification into distinct
lineages in a single patient with CF
(24). A report of a less common CF
pathogen, Burkholderia dolosa, described
unexpectedly high genetic diversity within
patients using genome sequencing of
pooled population samples (25). To
characterize the population structure of
the P. aeruginosa LES populations in
chronically infected patients with CF, we
assayed the genome sequence diversity
among 40 isolates from a sputum sample
for each of nine adults attending the same
CF unit.

Methods

Acquisition of Samples and Isolation
of P. aeruginosa
Samples were collected from nine adult
patients with CF, each chronically infected
with the P. aeruginosa LES, as described
previously (19). Briefly, a sputum sample
was collected from each patient at a routine
visit to the Regional Adult Cystic Fibrosis

Unit in Liverpool, United Kingdom during
January 2009. Sputum was treated with
an equal volume of Sputasol (Oxoid,
Basingstoke, UK), incubated at room
temperature with shaking at 200 rpm
for 15 minutes, and then cultured on
Pseudomonas-selective agar under aerobic
conditions with CN supplement (Oxoid)
as described previously (19). Forty LES
colonies were selected to maximize colony
morphology diversity and identified
as described previously (19). Details
concerning age, sex, and clinical status of
patients CF01 and CF03–CF10 were given
in our previous study (19). Based on
information available since this previous
study, CF01, CF03, CF05, and CF07 are
now known to have been LES positive since
at least 1995; CF04, CF06, CF09, and CF10
since 1995 but before 2004; and CF08 since
at least 2008. This study was approved by
the local research ethics committee (REC
reference 08/H1006/47).

Genomic DNA Preparation and
Sequencing
Details of DNA extraction are outlined in
the online supplement. Library preparation
and whole-genome shotgun sequencing
was performed by the Centre for Genomic
Research at the University of Liverpool,
United Kingdom using Illumina short read
sequencing technology. Details of quality
control of sequenced read data is outlined
in the online supplement. The European
Nucleotide Archive accession number for
the study is PRJEB6642.

Variant Calling and De Novo
Genome Assemblies
Reads were aligned to the P. aeruginosa
LESB58 reference genome sequence
(National Center for Biotechnology
Information accession number,
NC_011770) with the BWA-MEM aligner
(26). For individually sequenced isolates,
paired-end reads were assembled
de novo using SPAdes Genome Assembler
version 3.0 (27). Details of single-nucleotide
polymorphism (SNP), insertion and
deletion discovery, prediction of genetic
variant effects on protein sequences, and
de novo genome assembly are outlined in
the online supplement. Genome assemblies
were used to double-check homoplasies
indicated by analysis of read alignments.
The European Nucleotide Archive
accession numbers for the assemblies of
sequenced isolates are ERZ021677-716.

At a Glance Commentary

Scientific Knowledge on the
Subject: Chronic lung infections
caused by Pseudomonas aeruginosa
remain the major cause of morbidity
and mortality among patients with
cystic fibrosis. Transmissible strains,
such as the widespread (United
Kingdom and North America)
Liverpool Epidemic Strain (LES), are
especially problematic and require
segregation of affected patients within
cystic fibrosis units to prevent cross-
infection. Surprisingly high levels
of phenotypic diversity within
individual patient sputum samples
have been demonstrated, and genome
sequencing of sequential isolates
suggests that the pathogen
accumulates mutations over time.
However, little is known about
the underlying genetic diversity
within infecting populations or
the distribution of diversity among
patients.

What This Study Adds to the
Field: Using genomic analysis of
sequential isolates, others have found
evidence for rare replacements of one
P. aeruginosa lineage by another.
Here we show, using large-scale
population genomic analyses, that the
coexistence of distinct lineages of the
P. aeruginosa LES is typical, occurring
in seven of nine chronically infected
patients with cystic fibrosis sampled.
Genetic divergence between lineages
within patients was greater than
between, implying acquisition of
diverse P. aeruginosa populations and
potentially acquisition of distinct
lineages among the LES-infected
cohort. Furthermore, evidence for
homologous recombination between
divergent lineages within a patient
provides evidence for a novel mode of
potentially adaptive evolution by
P. aeruginosa during chronic infection.
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Phylogenetic Reconstruction and
Hypothesis Testing
Variable sites identified among the aligned
sequencing reads for each genome sequence
were combined into a multiple alignment
for phylogenetic analysis. Genome
phylogenies were reconstructed using the
BIONJ algorithm (28) implemented in
the APE version 3.1–2 (29) for the R
statistical computing environment version
3.1.0. Statistical support for edges in
phylogenies were split frequencies among
a nonparametric bootstrap replicate sample
of maximum-likelihood phylogenies
inferred using Garli version 2.01 (30) and
a Bayesian sample of phylogenies inferred
using MrBayes version 3.2.2 (31) and
counted using methods of the DendroPy
library for phylogenetic computing version
3.12.0 (32) in Python version 2.7.8. The
HKY85 nucleotide substitution model was
selected for use in Garli with JModelTest2
version 2.1.5 (33). P. aeruginosa LESB58
genome sequence was used as an outgroup
for rooting, the suitability of which was tested
by phylogenetic reconstruction including
sequences of distantly related LESlike 4, 5, 7,
DK2, and PAO1 P. aeruginosa isolates. The
scale-boot R package version 0.3–3 was used
to perform the Approximately Unbiased
(AU) test on a multiscale bootstrap for
the alternative and maximum likelihood
topologies against the sequence alignment
(34). Details of phylogenetic reconstructions,
homoplasy identification, and inference of
homologous recombination are outlined in
the online supplement.

Inference of Divergent Lineages from
SNP Frequencies
For each patient sputum sample, we tested
for the coexistence of a pair of divergent
lineages. A lineage is defined as a group
of isolates with high genetic similarity.
Divergent coexisting lineages in a sample
are defined as each exhibiting more genetic
differences from their most recent common
ancestor (MRCA) than their MRCA has
to the MRCA of all cohort patient isolates
(i.e., of this epidemic) inferred from all
samples. An alternative hypothesis is all
isolates in a sample forming a single lineage
where genetic divergence within the sample
is less than to other samples. These
hypotheses concern the deepest part of the
phylogeny in each sample: the length of
the root edge must be shorter than the
lengths of the edges descending from the

deepest bifurcation (the primary edges) for
the coexisting, divergent lineages hypothesis
to be supported. The root and primary edges
can be inferred from their corresponding
root and primary peaks in the SNP
frequency distributions. Details of inference
of divergent lineages from SNP frequencies
are outlined in more detail in the online
supplement. Monte Carlo simulation of
nucleotide sequence evolution over the
hypothesized phylogenies for corroboration
was achieved using the PhyloSim R package
version 2.1.1 (35).

Results

A Single Chronic CF Infection Sputum
Sample Contains Divergent,
Recombining P. aeruginosa Lineages
Among 40 P. aeruginosa LES isolates from
a sputum sample from a patient with
CF collected in 2009 (CF03) that were
individually genome sequenced, we
identified between 71 and 130 SNPs relative

to the complete genome sequence of
P. aeruginosa LESB58, isolated in
1988. Despite these 40 isolates being
obtained from a single patient sample,
reconstructions of their shared evolutionary
history, by different methods, revealed two
divergent lineages (clades) (Figure 1). One
lineage had 13 members (CF03 lineage A)
and the other had 27 (CF03 lineage B).

CF03 lineage A was characterized by 55
shared SNPs, and lineage B had 24 shared
SNPs. There were 79 SNPs separating
the coexisting CF03 lineages A and B but,
by contrast, only 42 SNPs separate their
MRCA from the LESB58 reference
sequence and phylogenetic outgroup.
The suitability of LESB58 as an outgroup
is demonstrated by a phylogenetic
reconstruction in which it is partitioned
with distantly related isolates from the
study sequences (Figure 1; see online
supplement). CF03 lineage B genome
sequences were more similar to LESB58
than to lineage A genome sequences, yet both
lineages were from the same CF chronic
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Figure 1. Pseudomonas aeruginosa Liverpool Epidemic Strain population structure in cystic fibrosis
sputum sample CF03 consists of two divergent, recombining lineages. Rooted neighbor-joining
(BIONJ) phylogenetic reconstruction of 40 isolate genome sequences obtained from a single cystic
fibrosis sputum sample (CF03, collected 2009) calculated from a distance matrix of single-nucleotide
polymorphism (SNP) counts. SNPs among whole-genome sequence short reads mapped to the
P. aeruginosa LESB58 reference genome sequence (collected 1988), which also serves as an
outgroup for rooting. The three support values for each edge are the percent split frequency among
a nonparametric bootstrap replicate sample of BIONJ and maximum-likelihood phylogenies and
among a Bayesian sample of phylogenies. Only edges with at least 80% support by all three
measures are labeled with the respective split frequencies. The isolate sequences sharing
homoplasies are indicated with circles in the right-most columns, which correspond to circled variants
in Figure 2; the column numbers relate to row numbers in Table 1.
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Figure 2. Chromosome positions and predicted effects of mutations within and between CF03 lineages A and B. Genome map of mutations in 40 isolate
genome sequences (outer lanes) obtained from a single sputum sample (CF03, collected 2009). Lanes are ordered by phylogenetic relationships in the
neighbor-joining phylogeny from Figure 1, adapted and plotted at the lower left, and rooted using the LESB58 reference genome (collected 1988) as
outgroup. The outer 13 lanes correspond to CF03 lineage A and the 27 lanes inward to CF03 lineage B. The next, wider, lane corresponds to the LESB58
reference genome sequence with prophage (light brown) and genomic island (dark green) regions indicated at their positions relative to the origin of
replication indicated by the outer scale. The innermost lane is a plot of percent guanine-cytosine (GC) in 5-kbp regions calculated every 2.5 kbp and
filled red above and below 50% GC. For each isolate genome sequence, the mutations identified from sequenced reads aligned to the reference
sequence were classified as single-nucleotide polymorphisms (SNP), small insertions, or small deletions. Those that occurred in protein-coding regions
are further classified by the predicted effects on transcription to mRNA and translation to protein sequences. Mutation classes are plotted on the
genome map in different colors indicated in the key. Regions in which no reads mapped to the reference chromosome for an isolate sample are indicated
by gaps in the corresponding lane. Homoplasies are circled and correspond to those described in Figure 1 and Table 1. ORF = open reading frame.
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infection sputum sample (Figure 2).
Mutations exclusive to each lineage
included those predicted to alter
proteins associated with virulence factors
(see Tables E1 and E2 in the online
supplement). For example, the 13
members of lineage A are predicted to
have a truncated MexB multidrug efflux
transporter (PLES_04241), whereas the
27 members of lineage B are predicted to
have a truncated antisigma factor MucA
(PLES_45801) involved in the regulation
of alginate biosynthesis.

Although mutually exclusive
mutations define the two coexisting CF03
lineages, numerous mutations shared
between a minority of each lineage
(homoplasies) provide evidence of DNA
transfer between cells via homologous
recombination (Figures 1 and 2).
An alternative hypothesis excluding
recombination between cells requires
coincidental, parallel mutations to explain
the phylogenetic distribution of these
mutations among isolates, the probabilities
of which are low (,13 1027) and listed in
Table 1. Two SNPs were common between
a minority of isolates in each lineage

indicating horizontal genetic transfer
between the CF03 lineages. One of these
is a nonsynonymous (protein altering)
replacement in lysC, which codes for an
aspartate kinase in LESB58 (locus ID,
PLES_44121; P. aeruginosa PAO1 locus
ID, PA0904; homoplasy 3 in Figure 1
and Table 1). Two homoplasies were
detected within the larger clade
indicating horizontal genetic transfer
among members of CF03 lineage B. One
of these intralineage transfers was
a deletion predicted to cause the
truncation of mpl, an open reading frame
encoding a Mur family ligase in LESB58
(PLES_09561; PA4020; homoplasy 1 in
Figure 1 and Table 1). The other
intralineage transfer is a deletion of two
codons within glpT, which encodes
a glycerol-3-phosphate transporter
(PLES_56291; PA5235; homoplasy 4 in
Figure 1 and Table 1).

Coexisting, Divergent Lineages in
Chronic CF Infections Are Typical for
the Liverpool Epidemic Strain
To assess the prevalence of divergent
P. aeruginosa LES lineages within chronic

infections, we investigated a further eight
patients with CF. We used SNP frequencies,
derived from sequencing an equimolar pool
of genomic DNA from 40 isolates per
patient, to estimate the genetic distance
between the inferred MRCA of the
epidemic and the MRCA of the patient
sample (SNPs fixed in each sample minus
SNPs fixed in all samples, root edge in
a phylogeny) and then the genetic distances
between the lineages descending from the
patient sample MRCA (primary edges
to each lineage). Thus, if both primary
lineage edges are longer than the root
edge, divergent lineages are present. To
validate the root and lineage edges in the
phylogenies deduced from SNP frequencies
within each pooled data sample, we first
sequenced a pair of isolates from each
patient to confirm that SNPs inferred as
lineage-specific were always in linkage
(orange and turquoise in Figures 4 and 5)
and then simulated sequence evolution
along each phylogeny to ensure simulated
SNP frequencies (red, blue, and purple
peaks in Figures 4 and 5) agreed with
observed SNP frequencies. Finally, we used
the sequences of all 40 isolates from

Table 1. Incidence of Homoplasies Likely to Be Involved in Homologous Recombination among Sputum Sample CF03 Isolates with
Predicted Effects on Transcription of Open Reading Frames and Translation to Polypeptides Where Applicable

Homoplasy
ID* Incidence Description Annotation

Probability of
Independent
Mutations† Position (bp)‡

1 Lineage B, isolates 13
and 24; isolates 14,
20, and 31

Deletion of one nucleotide in
PLES_09561 (mpl)
causing nonsense
mutations and loss of stop
codon extending the ORF

UDP-N-acetylmuramate:
L-alanyl-g-D-glutamyl-meso-
diaminopimelate ligase (Mur
ligase family)

3.183 10210 1037925

2 Lineage A, isolate 25;
lineage B, isolate
35; isolate 31

SNP in nonprotein coding
region upstream of ORF
PLES_37671 (acnA) on the
forward strand and
PLES_37661 (ygdE ) on
reverse strand

None. Between operons
including ORFs coding for
a putative RNA 29-O-ribose
methyltransferase and
aconitate hydratase

1.843 1028x 4165056

3 Lineage A, isolate 4;
lineage B, isolate 8

Nonsynonymous SNP in
PLES_44121 (lysC)

Aspartate kinase 1.843 1028 4847728

4 Lineage B, isolates 13
and 24; isolates 14
and 20

Deletion of two codons in
PLES_56291 (glpT)

sn-glycerol-3-phosphate
transporter

2.873 10210 6229046

Definition of abbreviations: ID = identification; ORF = open reading frame; SNP = single-nucleotide polymorphism.
*Homoplasy IDs correspond to phylogenetic distribution in Figure 1 and are referred to in the text.
†Probability that a pair of homoplasies are caused by independent mutations occurring in different lineages at the same position in the genome (parallel
evolution), as opposed to a single ancestral mutation transferred between lineages with chromosomal integration by homologous recombination.
Calculation considers only fourfold degenerate sites in protein coding regions of LESB58 reference chromosome (13) as a conservative estimate of total
sites not under strong selection that would tolerate mutations. Insertions, deletions, and SNPs are included even though the nearly neutral sites
considered only concern SNPs. Consequently, the calculation is more conservative with respect to favoring a single mutation (see METHODS).
‡Positions are according to the LESB58 reference chromosome.
xThe most recent common ancestor of isolates 31 and 35 was considered to have the homoplasy to simplify calculation. Consequently, the estimate is
more conservative.
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CF03 to validate these approaches. Both
observed and simulated SNP frequency
distributions for CF03 correspond to the
phylogeny shape: two deeply divergent
lineages descending from the sample
MRCA (Figure 3).

In addition to CF03, the presence of
two divergent lineages was detected in six
of the eight other patients (Figure 4). Thus,
chronic infections within these patients
harbor a pair of P. aeruginosa lineages that
differ from their MRCA by more SNPs
than their MRCA differs from the inferred
epidemic origin (epidemic MRCA inferred
from the whole dataset). All members
of one of the two lineages in sample
CF09 shared an abundance of mutations
including a 3-bp out-of-frame deletion in
mutS, and nonsynonymous SNPs in mutM
and uvrB. Mutations at these loci have
been shown to cause the “hypermutator”
phenotype (36, 37) that in a previous
report was identified in 36% of CF airway,
but in no non-CF, P. aeruginosa infections
(38). Less structure was observed for the
remaining two patients (Figure 5), such
that the most divergent lineages share
more SNPs with each other than
differentiates them from the epidemic
MRCA. Thus, the edges arising from the
first bifurcation at the patient sample

MRCA were shorter than the root edge to
the epidemic MRCA.

Comparisons of P. aeruginosa
Lineages among Chronically Infected
Patients with CF Suggests
Transmissions of Diverse Populations
or Multiple Lineages
We next investigated whether our principal
finding of divergent coexisting lineages can
be explained exclusively by diversification
within a patient following an initial
infection. Alternative explanations include
a single transmission of a diverse LES
population from which lineages diverge, or
multiple transmissions of different lineages
to a patient causing superinfection. To
elucidate patterns of diversification, we
reconstructed the ancestry and evolutionary
relationships among the 16 distinct
P. aeruginosa LES lineages identified
among the nine patients with CF. All of
the individually sequenced isolates were
included in the reconstruction using SNPs
relative to the LESB58 genome: 40 isolates
from patient CF03 and two each from the
other eight patients (Figure 6).

Within-host diversification was clearly
supported for patients CF06 and CF10.
Thus, their isolates each grouped together
to the exclusion of others (i.e., formed

monophyletic clades with high bootstrap
support). Furthermore, the relatively small
diversity in their pooled samples was well
represented in the sequenced isolate pairs
(Figure 5), indicating all isolates would
group in their respective CF06 or CF10
clades (Figure 6). The CF04 patient isolates
are the only others that group together,
but according to the population data
represent only one of two lineages in CF04
(Figure 4A). The phylogenetic placement of
CF04 isolates implies a transmission of one
lineage from CF01. The other CF04 lineage,
containing 47 SNPs absent from CF01,
supports either superinfection from another
patient or transfer of a genetically diverse
innoculum from CF01 and subsequent loss
of a lineage from CF01. Elsewhere in the
phylogeny, isolates did not seem to group
within patients. To confirm this, given that
the phylogeny was poorly resolved in
the region where lineages diverged, we
performed an explicit test of whether
specific groupings were supported by the
data using the Shimodaira AU test
(see online supplement for details and
discussion). Exclusive groupings of isolates
within a patient were rejected by the AU test
for patients CF03 (P = 0.0019), CF05 (P =
0.0006), and CF07 (P = 0.0087) but not CF08
(P = 0.1423) or CF09 (P = 0.3679). CF03,

observed SNP frequency

A
bu

nd
an

ce
 o

f S
N

P
s

pe
r 

fr
eq

ue
nc

y

0

20

40

60

SNPs common to all CF03 isolates (fixed)
SNPs only in all CF03 lineage A isolates
SNPs only in all CF03 lineage B isolates
SNPs only in some CF03 lineage A isolates
SNPs only in some CF03 lineage B isolates

55 SNPs to
13 isolates in

CF03 lineage A

24 SNPs to
27 isolates in

CF03 lineage B

7 SNPs
to epidemic

sample MRCA

simulated SNP frequency

A
bu

nd
an

ce
 o

f S
N

P
s

pe
r 

fr
eq

ue
nc

y

0 10 20 30 40 0 10 20 30 40
0

20

40

60

SNPs common to all CF03 isolates (fixed)
SNPs only in all CF03 lineage A isolates
SNPs only in all CF03 lineage B isolates
SNPs only in some CF03 lineage A isolates
SNPs only in some CF03 lineage B isolates

Phylogeny inferred from CF03 
isolate SNPs observed in
sequence alignment:
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frequency distributions. (Left) Histogram of observed SNP frequencies among individual genome sequences of 40 isolates in two divergent lineages.
(Center) Neighbor-joining (BIONJ) phylogenetic reconstruction of the 40 isolates adapted from Figure 1. (Right) Histogram of SNP frequencies among
sequences simulated along the phylogeny in the center. The phylogeny is rooted using the inferred most recent common ancestor (MRCA) of all isolates in
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simulation accurately reproduces the SNP frequency distribution (right) observed in the sequence data (left) and is thus useful to corroborate phylogenetic
hypotheses deduced from SNP frequencies among isolates (see Figure 4). The red and blue hatched peaks in the histograms represent diversity within,
not between, each of the two deepest lineages (A and B) and are not relevant to a hypothesis of two divergent, coexisting lineages.
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Figure 4. Pseudomonas aeruginosa Liverpool Epidemic Strain populations in six of eight other sputum samples from a patient with cystic fibrosis (CF )
consist of two divergent lineages. A further eight patients provided a sputum sample from each of which genomic DNA of 40 isolates was sequenced in
equimolar pools. Single-nucleotide polymorphism (SNP) analysis revealed that six samples consisted of two divergent lineages shown in A–F (CF01, CF04,
CF05, CF07, CF08, and CF09). (Left) Histograms of SNP frequency distributions observed among pooled genome sequences of 40 isolates. (Center)
Hypotheses of root edge and lineage edges plotted as phylogenies deduced from the observed SNP frequency distributions. Only the root and lineage
edges are relevant to the hypothesis of two divergent lineages. (Right) Histogram of SNP frequencies among sequences simulated along each phylogeny,
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CF05, and CF07 are therefore consistent
with either superinfection or with
transmission of genetically diverse innocula.

Discussion

We observed high population genetic
structure within P. aeruginosa infections
such that in seven out of nine patients,
divergent LES lineages were identified.
These coexisting lineages were typically
more closely related to lineages in other
patients than to each other and include
the broadest nonhypermutator P.
aeruginosa genetic diversity within
a single patient yet reported. In one
such case that we examined in more

detail, genetic transfer between the
divergent lineages by homologous
recombination was evident. Genetic
exchange between coexisting but
divergent lineages can increase genetic
variation and provides a mechanism by
which adaptation to the lung
environment may be accelerated.

Our study is the first to observe that
multiple P. aeruginosa lineages coexisting
within individual patients usually arise
from genetic diversity acquired from other
patients and that multiple coexisting
lineages may be a general feature of
CF chronic infection by the LES. This
might reflect a unique trait of this strain
or transmissible P. aeruginosa strains
more generally, rather than a widespread

characteristic of CF infections.
Alternatively, such divergent lineages
within P. aeruginosa infections may be
relatively common, but would only be
detectable using a systematic approach as
used here to characterize genetic diversity
within infections.

To date, no other studies have been
designed to quantify the contemporary
genetic diversity within each patient of
a cohort. A recent report described
coexisting lineages in an individual with CF
with evidence of spatial separation between
the nasopharynx and the lower lung
correlating with genetic distance (24).
Another recent report described coexisting
lineages in two patients dominated by
hypermutators (39). Other studies have

Figure 4. (Continued). recapitulating observed SNP peaks corresponding to the root and deepest edges (indicated by purple, red, and blue). For each
sample two isolates were sequenced separately, the observed SNP frequencies for which are indicated among the 40 in each pool with green, turquoise,
and orange (left). Edges within clades of lineages are not relevant to the hypotheses. The SNP mutations in the root edges are shared and derived in all
descendants (i.e., fixed in the population), and thus appear at the maximum frequency of 40: both the root edge and corresponding peak in the simulated
SNP frequency histograms (right) are colored purple. The red and blue peaks in the simulation histograms correspond to the lineage edges arising from the
patient’s most recent common ancestor (MRCA) at the deepest bifurcation and should be at frequencies that sum to the total isolates (40). In all of these
samples the deepest pair of lineages were considered divergent because they had more mutations since their MRCA (red and blue peaks) than their
MRCA had to that of all samples in the study (the outgroup; peak at frequency 40, purple on the right). Except for CF04 (B), the pairs of isolates were
representatives of each divergent lineage so that the highest-frequency peak in the distribution of observed SNPs exclusive to each isolate (orange or
turquoise) corresponds to one of the lineage peaks in the distribution of simulated SNPs (red or blue).
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deepest pair of lineages were not considered divergent because both had fewer mutations since their most recent common ancestor (MRCA; red and blue
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peaks. SNP = single-nucleotide polymorphism.
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generated data consistent with, but not
conclusive of, coexisting, divergent lineages.
Evidence for transmission of the abundant
P. aeruginosa clone C lineage among
siblings, with the possibility of subsequent
coexistence of two clone C lineages, has
been reported (40), whereas Chung
and coworkers (23) found 54 SNPs and
38 indels differentiating a pair of
nonhypermutator isolates from a single
patient. This latter evolutionary distance is

comparable with the divergences between
coexisting lineages in our study. Our results
are also consistent with a recent study of
Burkholderia dolosa, a relatively rare CF
airway pathogen, which included numerous
isolates from single sputum samples and
identified coexisting divergent lineages
(25). However, unlike the current report,
comparative analyses between patient
samples have not been performed and
diversification has been suggested to have

proceeded exclusively within each patient
since initial infection, as opposed to
acquisition of diverse inocula or divergent
lineages.

Despite the extensive phenotypic
diversity present among isolates (19),
our genomic analysis indicates that the
presence of discrete lineages, rather than
a continuum of diversity within a sputum
sample, is typical for LES infecting
populations. Given the complexity and
spatial heterogeneity of the CF airway,
maintenance of the interlineage diversity
may simply reflect the availability of
sufficient niches to accommodate newly
acquired invading P. aeruginosa
populations. The apparent restriction to
two distinct coexisting lineages in any one
patient may be a reflection of physiologic
compartmentalization within the lungs,
for example between the two lungs, or
the lungs and paranasal sinuses (24).
An alternative explanation is a skewed
community composition among lineages:
one could be numerically dominant,
whereas many others are rare.

In the present study, we demonstrate
that homologous recombination can occur
among pathogenic P. aeruginosa during
chronic infection. Evidence for
recombination has been previously
reported in sequence data from large
P. aeruginosa isolate collections from
environmental, animal, and human
sources (41, 42). When chronic infections
contain significant genetic diversity as
reported here, the potential for
homologous recombination to generate
novel genotypes is increased because of
greater differences in genetic backgrounds
within the patient. Epistatic effects, such
as a mutation being neutral to the CF
airway in one P. aeruginosa genetic
background, but adaptive in another (43,
44), may be intensified by the greater
genetic differences between coexisting
lineages.

The cohort segregation policy adopted
in Liverpool (United Kingdom) was
designed to prevent transmission of the LES
to patients free from P. aeruginosa, or
infected with other strains (45), and as such
the patients sampled in this study were
not segregated from each other. Although
cohort segregation has been proved
successful in halting the spread of the strain
to new patients, our data indicate that
it may not have prevented further
transmission events among the LES-
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Figure 6. Complex patterns of Pseudomonas aeruginosa Liverpool Epidemic Strain transmission
among chronically infected patients with cystic fibrosis (CF). Neighbor-joining (BIONJ) phylogenetic
reconstruction of 40 P. aeruginosa isolate genome sequences from a patient CF03 sputum
sample and two P. aeruginosa isolate genome sequences from eight other patient sputum samples,
all collected in 2009. The distance matrix consisted of raw counts of shared single-nucleotide
polymorphisms (SNP). Mutations are relative to the P. aeruginosa LESB58 genome, collected
in 1988, which also serves as an outgroup for rooting. Support for each edge is as described in
Figure 1. The 13 sequences representing CF03 lineage A and the 27 sequences representing CF03
lineage B each form a monophyletic clade and are represented as blue and red triangles, respectively.
The edges to CF05 isolate 2 and CF09 isolate 2 are not to scale because they represent many more
mutations than other edges. Patient sample isolates CF03, CF05, and CF07–9 are paraphyletic,
consistent with some patient infections being from diverse inocula and/or acquisitions of multiple lineages.
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infected cohort. Although patients with
CF infected with LES are known to have
a higher rate of mortality than those with
other P. aeruginosa strains (46), at present
it is not known whether having multiple
distinct lineages of LES is worse than
having a single lineage. Nor can we be
sure that these sublineages remain stable
within patients. Our previous study, based
on isolate phenotyping, suggested that
populations were dynamic over a period
of several months (19). Further studies
are needed to address the issue of lineage
stability over time and to determine the
clinical consequences of the coexistence of
different lineages.

The accurate and rapid sequencing of
bacterial genome sequences, made possible
by the most recently available bench-top

DNA sequencing platforms, provides
numerous advantages over conventional
methods for diagnosing hospital outbreaks
and tracing transmission routes (47).
However, the potential for infections to be
composed of multiple, divergent lineages
has generally not been considered in
diagnostics, where it is still typical for
a single clone to be taken as representative
of an infection. Our results demonstrate
that this will, at least for chronic infections,
vastly underestimate the diversity within
infections. In particular, it is known that
conventional antimicrobial susceptibility
tests are not good predictors for response to
therapy (48), which may be explicable in
part by the high genetic diversity harbored
within an infection, including at loci
encoding antimicrobial resistance, and

which would be missed by sampling only
one or a few clones. Our use of whole-
genome sequencing and analysis of the
infection-specific population-level data
from individual patients to diagnose
infection with multiple distinct lineages
therefore holds promise for diagnostic
clinical microbiology and lineage-targeted
therapies (48). n
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